Abstract. Some biochemical and metabolic characteristics of bovine sperm cells irradiated with low-level laser were probed and correlated to the irradiation parameters. Bovine spermatozoa were exposed to spatially filtered light from a He-Ne laser (633 nm) with fluences from 150 to 600 mJ/cm 2 . General biochemical alterations were assessed by vibrational spectroscopy (micro-Fourier-Transform Infrared technique). The mitochondrial membrane potential was assessed by flow cytometry. Lipid peroxidation due to reactive oxygen species (ROS) production was assessed by thiobarbituric acid reactive substances (TBARS) assay. Sperm morphologic characteristics changes were probed by atomic force microscopy (AFM) technique. LLLI was able to induce, at different fluences, changes in lipid, DNA and protein contents. Moreover, LLLI also induced changes in TBARS production, suggesting an irradiation effect on lipid peroxidation. Acrosomal reaction induction evidences was found based on changes in protein structure (Amides I and II bands) and AFM characterization. The most interesting result, however, was the changes in methyl and DNA groups, which strongly suggests that LLLI can modify DNA methylation patterns, important for pregnancy establishment. The observed changes in the above-cited parameters have direct impact on sperm quality. The low-level laser irradiation has the potential to improve the fertilizing capacity of bovine sperm cells.
Introduction
The sperm cell is an interesting model to study the light-tissue interactions since it has few structures and is a very specialized cell. The sperm conservation and manipulation has great economic impact in many fields, such as the preservation of endangered species and developments in farming, as well as in human reproduction. In this sense, any system that modulates sperm function can be applied to improve the strategies used in sperm conservation and manipulation 1 .
The development of assisted reproductive technologies, like in vitro fertilization and intracytoplasmic sperm injection has provided relevant contributions to animal breeding programs 2 . These biotechniques, when applied to cattle, in most of the cases are conducted with frozen semen. The cryopreservation process, although very studied, still leads to damage of the sperm cell, like DNA fragmentation 3 , loss of motility 4 , plasma and acrosomal membrane injury and changes in chromatin structure 5 , reducing sperm fertility.
The usual way [6] [7] [8] [9] to prevent its damage and avoid poor quality of frozen semen is using cryopreservers in the freezing process. However, the paradox is that cryopreservers themselves can have a toxic effect on sperm as membrane destabilization, protein and enzyme denaturation.
This effect is related directly to the concentration used and the time of cell exposure 10, 11 . Recently the low-level laser irradiation (LLLI) has been applied to frozen sperm to improve its quality.
The results reported on literature are very promising [12] [13] [14] [15] [16] [17] .
Corral-Baqués 12 showed that irradiation of canine sperm with diode laser at 655 nm at fluences of 4, 6 and 10 J/cm 2 improves velocity and linear coefficient of sperm. It was also reported an increase in the sperm fertilizing capacity 13 and motility 14 , in addition to the increase of calcium ions amount in the irradiated sperm cells 15 .
It has been reported that the irradiation effects depend on fluences, laser wavelength, and animal species. Stored turkey spermatozoa irradiated with 3.96 J/cm 2 presented an increased longevity 16 , while for bovine it was observed a decrease in mortality with increasing fluences up to 16 J/cm 2 17 . Moreover, fish sperm had an increase in motility and fertility post-irradiation with red (660 nm) and white light (400-800 nm), while in ram sperm motility and fertility were increased just with red light, under the same conditions of irradiation. However, irradiation with violet and ultraviolet sources (360 and 294 nm, respectively) induced a decrease in motility and fertility from both animal species 14 .
It is important to stress that in spite of many investigations on the subject, the fundamental molecular and cellular mechanisms responsible for signal transduction from the photons that are incident on the cells to the biological effects that take place in the illuminated tissues is still uncertain 18 .
Most of the methods routinely used to evaluate seminal parameters and considered essential to determine sperm cell fertility are based on general physical characteristics of the sperm cells as morphology, motility patterns and integrity of organelles 19 . However, the results of these evaluations are discrepant because they depend on the technique and the conditions that they are performed 4, 20 . Moreover there is still a difficulty to standardize the techniques, since different research groups use incomparable analytical methodologies. Moreover some analysts have a poor distinction among sperm velocity patterns, making internal and external quality control very difficult to be done 21, 22 .
Recently, non-invasive or minimally invasive biophotonic techniques have been applied to explore biochemical variations in biological tissues. These techniques are able to provide more accurate data related to the metabolic status of the cell. The Fourier-transform infrared spectroscopy (FTIR) is one of them. FTIR spectroscopy is a technique which provides pieces of information on molecular vibrational of a sample giving a detailed fingerprint of different bonds, functional groups, and conformations of molecules 23 . It is a non-invasive and non-destructive method to probe the molecular/biochemical composition of a given sample. Thus it could be a usual quantitative tool enabling one to estimate the metabolic fingerprint of cells like spermatozoa 24 . The main goal of the present work was to assess the biochemical and metabolic alterations of bovine sperm cells irradiated with LLLI aiming to contribute to the understanding of the light-tissue interaction in this system.
Materials and methods

Sperm preparation
Bovine sperm straws were thawed in water bath at 37°C for 30 seconds and centrifuged (9,000 xg, 5 min). The supernatant was discharged and the sperm concentration was measured in a Neubauer chamber. The final concentration was adjusted to 7x10 6 sperm cells/mL in TALP medium (Tyrode's salt solution with albumen, lactate and pyruvate) and the final volume was divided in two Petri dishes, one to be irradiated and the other to be kept in the same conditions but without red light irradiation (control). Analyses were performed just after irradiation (PI) and after 30 minutes, time called as incubation period (I). During this period, sperm samples were kept at 38.5°C, 5% of CO 2 and high humidity.
After irradiation, samples were washed by centrifugation (9,000 x g for 5 min) and the pellet was resuspended in saline solution (NaCl, 0.9%) two times. The last centrifugation was performed for 20 minutes. A volume (5 L) of the final supernatant and the resulting pellet μ resuspended in 5 L of its supernatant were transferred to a platinum recovered surface plate for μ FTIR analysis. The remaining sample was used for mitochondrial membrane potential and lipid peroxidation (tiobarbituric acid reaction species, TBARS) biochemical analysis.
Irradiation parameters
Irradiation was performed with a He-Ne laser (TEM00, Unilaser, Brazil) at a wavelength of 633 nm and an output power of 24 mW being adjusted to the powers of 5, 7.5 and 10 mW through the use of filters. The irradiation setup details were reported by Magrini and coworkers 23 . Semen samples were irradiated with laser fluences of 150, 230, 300, 450 and 600 mJ/cm 2 according to the power and exposure times listed in Table 1 . The fluences of 300 mJ/cm 2 were obtained by two different conditions of irradiation (power and irradiation time), and are identified and differentiated by the superscripts " " and " ". ε φ 
Micro FTIR spectroscopy
A Varian 610 FTIR Micro-spectrometer was used in reflectance mode, with a spectral resolution of 4 cm 1 − , 400 scans per background and 200 scans in 4 different points of each sample. Each spectrum was manually baseline corrected with Fityk software 25 and the average spectrum was computed. If the average spectrum of the supernatant presented some band with intensity higher than 5% of the sperm spectrum, the region of the sample spectrum was excluded from the analysis.
Mitochondrial membrane potential
Mitochondrial membrane potential was determined with the lipophilic cationic dye 
TBARS test
The method is based on the reaction of two molecules of tiobarbituric acid (TBA) with a molecule of malondialdehyde (MDA), which is the main product of lipid peroxidation, in high temperature and low pH, resulting in a pink chromogen that is quantified in a spectrophotometer.
Two methodologies were performed: natural and induced lipid peroxidation. The first one aims to verify the oxidative stress to which the sample had already been exposed to, while the second indicates the susceptibility of the sperm cells to the oxidative stress.
The natural and induced lipid peroxidation quantification was assessed according to Nichi 26 .
The induction of lipid peroxidation was performed by the addition of iron sulfate (100 L, 4mM) μ and ascorbic acid (100 L, 20 mM) to 186 L of PBS and 214 L of semen sample followed by μ μ μ incubation at 37°C for 2 hours.
Atomic force microscopy (AFM) imaging
The surface of an extra-smooth silicon slide was cleaned with ethanol and air dried. Then 50 L μ of spermatozoa suspension were diluted in 1:10 phosphate buffered saline (PBS), placed on a silicon slide and air-dried. The silicon slide was immediately placed into sample holder and finally scanned by AFM 27 . Scanning of spermatozoa cells was performed in contact mode by using a commercial AFM (5500 Atomic Force Microscope, Agilent Technologies) in air at room temperature by using Nanosensor probes (PPP-Cont, Pointprobe Plus -tip, Nanosensors) with 0.2 N/m elastic constant.
Statistical analysis
The baseline-corrected FTIR spectra were vector normalized and analyzed by Principal Component Analysis (PCA). The FTIR data were grouped according their characteristic vibrational bands. These bands were separately used for the Principal Components (PC)
calculations by computing the covariance matrix. They were used as predictors in binary logistic regression (BLR) model to differentiate the irradiated groups from the corresponding controls.
The number of PCs used in the BLR was determined by the analysis of the eigenvalue vs component number plot (scree plot) and by their contribution to description of the data (higher than 0.5%).
BLR was used to classify the spectra in groups according to its quantitative measurements Table 2 . Fig. 1 Representative analysis of each sample spectra validation. The solid line is the mean spectrum of the sample constituted mainly by spermatozoa (Pellet), dashed line is the average spectrum of the supernatant (Supernatant) and the dot line is the average spectrum of saline buffer (Saline). In this case the shaded region was removed from the statistical analysis, since the supernatant spectrum intensity of the bands in this region was higher than the threshold limit (5%). Methyl groups 2,821 -3,600
Lipids and water
The DNA, proteins and lipids presented high variation after PC analysis (data not shown).
Based on the analysis of the scree plot and the representativeness of the data of the PCs, the first 3 PCs were used to calculate the percentage of concordant pairs in the BLR. The threshold of statistical difference between the irradiated groups and its corresponding controls was 66.4% of concordant pairs to DNA region (760-860 cm -1 ), 65.5% to proteins (1,410-1,766 cm -1 ) and 61% to lipids (2,821-3,600 cm -1 ). The same procedure related to BLR was done with the biochemical components of all groups irradiated and their controls for each fluency. Almost all biochemical groups presented the number of concordant pairs above the threshold. Due to this its were considered as having statistically differences between irradiated and controls groups. The only groups that showed number of concordant pairs below the threshold were DNA of incubated (I) samples irradiated with 150 mJ/cm 2 and 600 mJ/cm 2 with their respective controls and; DNA and lipids for the groups analyzed just after irradiation (PI) with 230 mJ/cm 2 and 600 mJ/cm 2 , and therefore presented no statistical differences between irradiated and control groups (Table 3) . 410-1,486 cm -1 ) ). The biochemical groups that presented differences in the BLR analysis (number of concordant pairs above the threshold) had their original baseline-subtracted spectra normalized by its integrated area under its spectral curves and the statistical analysis of the comparisons are described on Table 4 , in which the empty cells showed no statistical difference between the groups. Samples right after the irradiation (PI) with fluence of 150 and 600 mJ/cm 2 presented higher DNA integrated areas than their controls (Table 4) . After incubation period, DNA from irradiated samples did not present differences from the control ones suggesting some reversible biochemical change induced by irradiation as, for an example, conformational changes between protamines and DNA. A change like this could be reflected in DNA integrity, which is related to sperm quality 8 and to embryonic development 4 .
Interestingly, the amount of methyl groups also varied from control and irradiated samples.
Except for 230 mJ/cm 2 all the groups had a decrease in methyl groups area when compared to their controls right after the irradiation, followed by an increase in this area after the incubation (Table 4) . These results are important since the sperm cell's methylation pattern matched that of the active embryo cell at the zygote genome activation, while the egg cell needed to be reprogrammed before it reached this state. This means that at fertilization, the DNA from the sperm is more prone for development than that of the egg cell 29 . The irradiation seems to be able to induce methylation changes, which could be important to be applied at nuclear reprogramming studies. Moreover, after irradiation and incubation the laser induced an increase in methyl groups. This kind of modulation can be very usefull since the DNA methylation levels are correlated with pregnancy rates. In human, sperm DNA methylation was not related with fertilization and embryo development rates, however, higher methylation levels were related to higher rates of pregnancy establishment 30 .
We showed by FTIR that Amide I and Amide II regions, which are related with conformational structure of proteins, presented high variation due to irradiation for all groups.
The ability of LLLI to induce these conformational changes is very interesting since several physiological processes related to sperm maturation and acquisition of fertilization ability are linked to protein changes. As an example of this change is the acrosomal reaction, which promotes the recognition, adhesion and fusion of the sperm cell with the oocyte. There are several reports about the sperm morphologic characteristics by the use of AFM 27,31,32 technique which is able to provide information in tridimentional array of the sperm cell in its native environment. It was already shown 32 that the acrosome reacted sperm cell presented narrower thickness in the acrosome region. We observed similar results . Figure 2 shows tridimensional topography images of sperm cells just after trawling (Fig. 2a ) , PI with fluence of 450 mJ/cm 2 ( Fig. 2b) , and I with same fluency (Fig. 2c) . It is clear the alterations in the height and volume of the equatorial region of the sperm cell with irradiation, as indicated by the arrow in the Fig. 2c ).
As reviewed by Fénichel 33 , this process happens due to externalization of ligand proteins, protein migration through the plasma membrane and conformational changes of pre-existing membrane proteins. These conformational changes were already described for HSP60, for example, facilitating the formation of a functional zona pellucida receptor complex on the surface of Despite the importance of the biomolecules described until now, the amount and distribution of lipids in the sperm plasma membrane play a key role in modulating signaling pathways in this cell 35 . Changes in cholesterol and other lipid molecules alter during capacitation, determining the fecundation ability of the cell. In vitro, capacitation can be induced by albumin, which decreases the cholesterol/phospholipid ratio 36 . In our study, the ability to modulate these molecules with laser were observed for 230, 300 and 450 mJ/cm 2 , mainly after the incubation period, suggesting a long term effect of the radiation on these molecules. Besides that, no changes were observed in relation to lipid peroxidation (TBARS test) for any fluence when compared to its control (Table   5 and 6). These data corroborate with the lack of changes in mitochondrial membrane potential induced by the laser, which could induce a higher generation of ROS and, consequently, lipid peroxidation. Kujawa 34 described that near-infrared low-intensity laser radiation (10-12 J/cm 2 ) changes ATPase activities in red blood cells but does nI.ot alter integral parameters as cell stability and membrane lipid peroxidation level. In contrast, for patelets, Trofimov 35 used low intensity He-Ne laser (6 J/cm 2 ) promoting metabolic rearrangements in lipids and activation of lipid-dependent cell systems. These data suggest that the effect of radiation on plasma membrane lipids seems to vary among different cell types, lasers aI.nd doses and can be modulate by laser irradiation. Moreover, the parameters of laser irradiation used in this study were efficient in alter the sperm cell lipid content without alter metabolic pathways that could interfere on this content in a negative way.
Conclusions
Based on our results we can conclude that LLLI were capable of induce metabolic and structural changes on bovine sperm cell. It was shown a possible conformational changes between DNA and protamines, induction in the methylation patterns which could be important in sperm quality.
That was also shown alteration in the morphology of the sperm cell after the incubation period, which could be related to acrosomal reaction, which also could be related to the modulation of the lipids content of the sperm cell. However, further work is need since the cascade of events related to the interaction light-sperm cells are yet not completely known. By the discovery of these mechanisms the improvement of fertilizing capacity through electromagnetic radiation will be achieved.
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